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We have recently demonstrated that the severe acute respiratory syndrome coronavirus (SARS-CoV) receptor 
angiotensin converting enzyme 2 (ACE2) also mediates cellular entry of the newly discovered human coronavirus 
(hCoV) NL63. Here, we show that expression of DC-SIGN augments NL63 spike (S)-protein-driven infection of 
susceptible cells, while only expression of ACE2 but not DC-SIGN is sufficient for entry into nonpermissive cells, 
indicating that ACE2 fulfills the criteria of a bona fide hCoV-NL63 receptor. As for SARS-CoV, murine ACE2 is 
used less efficiently by NL63-S for entry than human ACE2. In contrast, several amino acid exchanges in human 
ACE2 which diminish SARS-S-driven entry do not interfere with NL63-S-mediated infection, suggesting that 
SARS-S and NL63-S might engage human ACE2 differentially. Moreover, we observed that NL63-S-driven entry was 
less dependent on a low-pH environment and activity of endosomal proteases compared to infection mediated by 
SARS-S, further suggesting differences in hCoV-NL63 and SARS-CoV cellular entry. NL63-S does not exhibit 
significant homology to SARS-S but is highly related to the S-protein of hCoV-229E, which enters target cells by 
engaging CD13. Employing mutagenic analyses, we found that the N-terminal unique domain in NL63-S, which is 
absent in 229E-S, does not confer binding to ACE2. In contrast, the highly homologous C-terminal parts of the 
NL63-S1 and 229E-S1 subunits in conjunction with distinct amino acids in the central regions of these proteins 
confer recognition of ACE2 and CD13, respectively. Therefore, despite the high homology of these sequences, they 


likely form sufficiently distinct surfaces, thus determining receptor specificity. 


The family Coronaviridae comprises enveloped viruses with a 
single, positive-stranded genomic RNA of approximately 30 
kb, which are divided into three groups containing animal and 
human viruses (30). The human coronaviruses (hCoV) 229E 
(group I) and OC43 (group II) were identified in the 1960s and 
have been shown to cause common cold-like symptoms in 
humans (30). The severe acute respiratory syndrome corona- 
virus (SARS-CoV) emerged in Asia in 2002 and experienced a 
global spread in 2003, with 8,096 recorded cases and 774 fa- 
talities (50, 51, 57, 58). SARS-CoV was likely transmitted from 
palm civets to humans in animal markets (24), while bats might 
constitute the natural reservoir of the virus (37, 41). Subse- 
quent to the identification of SARS-CoV, two other novel 
hCoVs were identified, both of which are clearly less patho- 
genic than SARS-CoV. hCoV-HKU-1 is a novel group II virus 
associated with community-acquired pneumonia in Hong 
Kong (66, 67). hCoV-NL63 belongs to group I CoVs (20, 62), 
is globally distributed, and is associated with both upper and 
lower respiratory tract infections (1, 4, 35, 47, 60, 61) and with 
croup (63). Moreover, the New Haven coronavirus (18), which 
is most likely identical to hCoV-NL63, was reported to be 
associated with Kawasaki disease (17), although this associa- 
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tion has been challenged (11, 53). Thus, several hCoVs cause 
clinically relevant diseases, and understanding the different 
facets of their replication strategies is required for the devel- 
opment of vaccines and antiviral compounds. 

Entry of SARS-CoV into target cells is driven by interactions 
of the viral spike (S) protein with the cellular metallopeptidase 
angiotensin converting enzyme 2 (ACE2) (40), an integral 
component of the renin angiotensin system (13). Additionally, 
several cellular lectins augment SARS-S-dependent infection 
(22, 34, 43, 70). ACE2 was detected on important target cells 
of SARS-CoV, like pneumocytes and enterocytes in the small 
intestine (15, 23, 25), and ACE2 expression on cell lines cor- 
relates with susceptibility to SARS-S-driven infection (27, 48), 
strongly indicating that ACE2 engagement plays a key role in 
SARS-CoV _ spread. Moreover, SARS-S interactions with 
ACE2 might directly contribute to the development of SARS 
(36), since it was shown that soluble ACE2 treatment protects 
mice from the development of lung disease (33), while disease 
is exacerbated by SARS-S-mediated down-modulation of 
ACE2 (36). 

The interaction of SARS-S and ACE2 has been character- 
ized on the molecular level by mutagenic analyses (2, 8, 42, 65, 
69) and by elucidation of the structure of the SARS-S receptor 
binding domain bound to ACE2 (38). Notably, several varia- 
tions in the SARS-S—-ACE2 interface, due to species-specific 
differences in human and rodent ACE2 or in the receptor 
binding site of SARS-CoV isolated from humans and civet 
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cats, were shown to impair the SARS-S interaction with ACE2 
and might thus contribute to the species specificity of SARS- 
CoV (31, 42). For example, the amino acid exchange of K353H 
in rat ACE2 compared to human ACE2 was demonstrated to 
prevent appreciable usage of this receptor by SARS-S (42). 
Likewise, sequence differences between murine and human 
ACE2 were found to reduce but not abrogate SARS-S inter- 
actions with this receptor, which might limit SARS-CoV rep- 
lication in mice (39). 

Inhibition of SARS-S-dependent entry by lysosomotropic 
agents suggested that the membrane fusion activity of SARS-S 
is triggered by low pH (28, 55, 70). However, it has recently 
been demonstrated that blocking of SARS-S-driven entry by 
neutralization of intracellular pH is due to abrogation of the 
activity of the pH-dependent cellular cysteine proteases ca- 
thepsin B and particularly cathepsin L (32, 54). These proteins 
are believed to activate SARS-S in cellular endosomes and 
seem to be essential for SARS-S-driven membrane fusion (32, 
54). Thus, cellular entry of SARS-CoV resembles that of reo- 
viruses (3, 16, 21) and filoviruses (10), which also depend on 
cathepsin activity. 

hCoV-NL63 shows high sequence homology to hCoV-229E 
(52, 62), and it was therefore suspected that both viruses might 
use the hCoV-229E receptor CD13 (14, 71) for entry into 
target cells. However, our recent work demonstrated that 
NL63-S binds to ACE2 and that hCoV-NL63 engages ACE2 
for cellular entry (29). Therefore, the comparative analysis of 
SARS-S and NL63-S interactions with ACE2 might contribute 
to the understanding of viral pathogenesis and the generation 
of antivirals. Here, we show that expression of ACE2 but not 
cellular lectins on nonpermissive cells allows for NL63-S-de- 
pendent infection, providing a so-far-missing formal proof that 
ACE2 is a functional receptor for NL63-S-mediated infection 
and that most likely a coreceptor is not required for hCoV- 
NL63 entry. Comparative analysis of human ACE2 variants 
and murine ACE2 with NL63-S and SARS-S revealed that 
both S-proteins might engage ACE2 differentially. Moreover, 
NL63-S-driven cellular entry was less dependent on intracel- 
lular low pH and activity of cellular proteases compared to 
SARS-S-mediated entry, further highlighting that both pro- 
teins might differ in their requirements for mediating cellular 
entry. Finally, extensive mutagenic analyses of NL63-S and 
229E-S demonstrated that an N-terminal domain unique to 
NL63-S is dispensable for ACE2 engagement, while both a 
central and a C-terminal domain in the S1 units of both S- 
proteins were found to be required for binding to their cognate 
cellular receptors. 


MATERIALS AND METHODS 


Plasmid construction and in vitro mutagenesis. Eukaryotic expression vectors 
encoding the spike proteins of hCoV-NL63, hCoV-229E, and SARS-CoV as well 
as the glycoproteins of murine leukemia virus (MLV) and vesicular stomatitis 
virus (VSV) have been described previously (29, 55). The expression plasmid 
encoding murine ACE2 was constructed by reverse transcription-PCR of the 
ACE2 coding region from RNA derived from murine cardiac cells followed by 
digestion and ligation of the insert with the pCAGGS plasmid (49). Point mu- 
tagenesis studies were performed by sequence overlap extension PCRs, resulting 
in ACE2 mutants K353A, E145/N147/D157A, and Y510A. The amino acid 
exchange K353H in ACE2 was generated by amplification of the N-terminal 
sequences using oligonucleotides 5’'-CCCGGTACCCACCATGTCAAGCTCTT 
CCTGGCTCCTTCTC-3’ and 5'’-GCACATAAGGATCCTGAAGTCGCCGT 
GCCCCAGGTCCCAAGCTGTGGG-3’. The resulting PCR product was 
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cloned into the pcDNA3.1zeo-ACE2 plasmid (27) using KpnI and the internal 
BamHI site. An expression plasmid for human CD13 has been described previ- 
ously (29). The NL63-S mutant lacking the N-terminal 178 amino acids (aa) 
(NL63-SA unique) was generated by amplification of the N-terminal NL63-S 
sequences using oligonucleotides 5’-ACTGAATTCACCATGAAACTTTTCTT 
GATTTTGCTTGTTTTGCCCCTGGCCTCTTGCTTTTTCTATTCCTGTGT 
TITTAGTGTTGTCAACGCC-3’ (encoding the NL63-S signal peptide fused 
amino acids 179 and following in NL63-S) and 5‘'-AGTGCCACTCTTTAAAT 
AAATGTGC-3’ followed by insertion into pCAGGS-NL63-S via EcoRI and 
Nhel. For expression of soluble spike glycoproteins, the S1 subunit-encoding 
sequences were fused to the constant part of human immunoglobulin G (IgG) via 
PCR and cloned in frame with the amino-terminal murine IgG kappa signal 
peptide in the eukaryotic expression vector pAB61 (5). The expression vector for 
the soluble S1 unit of the SARS-CoV S-protein has been described previously 
(29). PCR fragments for generation of NL63-S1 deletion mutants were cloned 
into the pAB61 plasmid using KpnI and BamHI. A fragment spanning the coding 
region of amino acids 369 to 560 within 229E-S was amplified using oligonucle- 
otides 5'-AGTCAAGCTTTGCCCTTTTTCTTTTGGC-3’ and 5'-GATCGGAT 
CCAGAACCATCTGCACAAACGCC-3’ and cloned into the pAB61 plasmid 
via HindIH and BamHI. For construction of chimeric mutants, the respective 
fragments were amplified by sequence overlap extension PCR using the NL63-S 
or 229E-S expression plasmids as templates, and the resulting PCR products 
were ligated with the pAB61 vector. All PCR-amplified sequences were con- 
firmed by automated sequence analysis. Pair-wise amino acid sequence align- 
ments were performed using the blosum62mt2 score matrix with paired cysteine 
residues (Invitrogen Corp., San Diego, CA). 

Cell culture, transfection, infection, and reporter assays. BHK, Huh-7, and 
293T cells were propagated in Dulbecco’s modified Eagle’s medium supple- 
mented with 10% fetal bovine serum (FBS), penicillin, and streptomycin and 
were grown at 37°C and 5% CO,. The medium for Huh-7 cells was additionally 
supplemented with a 1% amino acid cocktail (Invitrogen Corp., San Diego, CA). 
Lectin-expressing B-THP cells were maintained in RPMI 1640 medium supple- 
mented with 10% FBS, penicillin, and streptomycin (68). Human immunodefi- 
ciency virus-based pseudotypes were generated as described elsewhere (28, 29). 
Briefly, 293T cells were cotransfected by a standard calcium phosphate transfec- 
tion technique with a viral envelope expression plasmid in combination with the 
pNL4-3-Luc-R-E™ plasmid (12, 26). The culture supernatants were harvested 
48 h after transfection, passed through 0.4-~m filters, aliquoted, and stored at 
—80°C. For infection experiments, target cells were seeded onto 96-well plates at 
a density of 8 x 10° and incubated with equal volumes of viral supernatants 
normalized for comparable expression of the luciferase reporter gene on per- 
missive Huh-7 cells. Generally, the medium was replaced after 12 h, and lucif- 
erase activity was determined 72 h after transduction using a commercially 
available kit as recommended by the manufacturer (Promega, Madison, WI). For 
cell-cell fusion assays, two populations of cells were used: 293T effector cells 
seeded in six-well plates at 3 X 10°/well were transfected with either an empty 
pCAGGS plasmid or a vector encoding the S-protein of hCoV-NL63 or SARS- 
CoV in combination with plasmid pGAL4-VP16 encoding the herpes simplex 
virus VP16 transactivator fused to the DNA binding domain of the yeast tran- 
scription factor GAL4 (59). In parallel, BHK target cells were seeded in 48-well 
plates at 3 x 10* and transfected with pcDNA3 or expression vectors for ACE2 
variants together with plasmid pGal5-luc, in which luciferase reporter gene 
expression is controlled by five GAL4 binding sites (59). The day after transfec- 
tion, effector cells were diluted in fresh medium and added to the target cells. 
Cell-cell fusion was quantified by determination of luciferase activities in cell 
lysates 48 h after cocultivation. 

Inhibition of infection by protease inhibitors and bafilomycin A1. For inhibi- 
tion of cellular cysteine proteases, 293T cells were pretreated for 1 h with E64c 
(Sigma, Taufkirchen, Germany). The medium was removed and replaced with 
the same inhibitor at double the final concentration. An equal volume of 
pseudotypes was then added, and cells were spin infected to concentrate particles 
on the cell surface. After spin infection, the cells were incubated for 5 h, and the 
medium was replaced with fresh Dulbecco’s modified Eagle’s medium without 
drug. Cells were assayed for luciferase activity after 40 h. For neutralization of 
intracellular pH, Huh-7 cells were preincubated with 50 wl culture medium 
containing bafilomycin Al (Sigma, Taufkirchen, Germany) at two times the final 
concentration for 10 min and then inoculated with 50 jl of infectivity-normalized 
virus supernatants. After an overnight incubation, the medium was changed and 
luciferase activities in cell lysates were determined 3 days after infection. 

Binding of soluble glycoproteins to receptor-positive cells. To obtain soluble 
hCoV-NL63-, hCoV-229E-, or SARS-CoV-S1-IgG fusions, 293T cells were trans- 
fected with the respective expression vectors. Plasmid pAB61 encoding only IgG was 
used as a control. Two days after transfection, the supernatants containing the fusion 
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proteins were concentrated using Centricon Plus-20 centrifugal filters (Millipore, 
Schwalbach, Germany), aliquoted, and stored at —80°C. The respective IgG fusion 
proteins were separated by 6 or 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, analyzed by Western blotting using an anti-human IgG-horseradish 
peroxidase conjugate (Dianova, Hamburg, Germany), and detected using the Super- 
Signal West Pico chemiluminescence substrate (PerbioScience, Bonn, Germany). 
Comparable protein amounts were thereafter used for binding to receptor- 
positive cells. Receptor-positive cells were obtained by transfection of 293T cells 
with either an empty pcDNA3 vector or expression plasmids encoding human 
CD13 or ACE2. In each experiment, the cells transfected with a defined receptor 
were pooled to ensure that all target cells expressed identical receptor levels at 
their surface. Alternatively, B-THP control cells or B-THP cells stably expressing 
DC-SIGN and DC-SIGNR were employed. Soluble IgG fusion proteins in a total 
volume of 100 yl fluorescence-activated cell sorting (FACS) buffer (phosphate- 
buffered saline with 3% FBS) were added to the cells for 30 min on ice. After 
washing, the cells were incubated with anti-human Cy5-coupled secondary anti- 
bodies (Dianova, Hamburg, Germany) at a final concentration of 15 j.g/ml for 30 
min on ice, and binding was determined by flow cytometry using a FACSCalibur 
flow cytometer (Becton Dickinson). 


RESULTS 


ACE2, but not DC-SIGN and DC-SIGNR, functions as a 
receptor for NL63-S-mediated infection on nonpermissive 
cells. We and others have previously shown that the SARS- 
CoV receptor ACE2 of human origin (hACE2) can be used by 
hCoV-NL63 for infectious entry (29; M. K. Smith, S. Tusell, 
E. A. Travanty, B. Berkhout, L. van der Hoek, and K. V. 
Holmes, Xth Int. Nidovirus Symp., Colorado Springs, Colo., 
poster P5-6, 2005); however, these experiments were per- 
formed on 293T and Huh-7 cells, which endogenously express 
hACE2 and are permissive to SARS-S- and NL63-S-driven 
infections (27, 40, 48, 64). In order to investigate if expression 
of hACE2 on nonpermissive cells allows for NL63-S-mediated 
infection or whether a coreceptor might be required, we tran- 
siently expressed hACE2 on nonpermissive BHK cells followed 
by infection with SARS-S- and NL63-S-bearing pseudotypes 
and control pseudoparticles bearing the G-protein of VSV 
(VSV-G) normalized for comparable infectivity on 293T cells 
(Fig. 1A, left panel). Control transfected BHK cells were 
efficiently infected by VSV-G pseudotypes but were refrac- 
tory to infection by reporter viruses carrying the S-proteins 
of SARS-CoV and hCoV-NL63, for which reporter gene ac- 
tivities in the background range were measured (Fig. 1A and 
data not shown). However, the presence of hACE2 rendered 
these cells highly susceptible to infection mediated by both 
S-proteins, whereas reporter gene activity in VSV-G-infected 
cells remained constant (Fig. 1A, right panel). Comparable 
results were obtained when the experiment was performed on 
nonpermissive HeLa cells, albeit the overall infection efficiency 
was reduced (data not shown). This suggests that as for SARS- 
CoV, hACE2 serves as a functional receptor for hCoV-NL63, 
with hACE2 expression being sufficient for entry into other- 
wise-nonpermissive cells. 

Since conflicting data concerning a potential role of DC- 
SIGN and the related protein DC-SIGNR (collectively re- 
ferred to as DC-SIGN/R) as a SARS-CoV receptor have been 
documented (34, 43, 70), we sought to analyze a role of these 
lectins in NL63-S-mediated entry. For this, we transfected 
BHK cells with expression plasmids for DC-SIGN/R either 
alone or in combination with hACE2 (Fig. 1B). Again, no 
difference in infectivity was noted when cells were incubated 
with particles bearing VSV-G. In accordance with our previous 
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data (43), neither lectin alone mediated SARS-S infection, but 
coexpression of hACE2 resulted in an enhancement of infec- 
tion of approximately fivefold (Fig. 1B). Similarly, lectin ex- 
pression did not render the cells permissive for NL63-S-medi- 
ated entry but repeatedly enhanced entry of NL63-S pseudotypes 
in the presence of hACE2 (approximately twofold) (Fig. 1B), 
albeit less efficiently than SARS-S-dependent entry. Therefore, 
we analyzed whether NL63-S differed in its ability to bind these 
lectins compared to SARS-S. However, by employing FACS- 
based binding assays using soluble NL63-S or SARS-S fused to 
IgG and B-THP cells stably expressing DC-SIGN/R, no appre- 
ciable difference in lectin binding was detected (Fig. 1C). In sum- 
mary, NL63-S-mediated infectious entry is dependent on the 
presence of hACE2 on nonpermissive cells, and coexpression of 
DC-SIGN/R slightly augments NL63-S-driven infection. 
Evidence that NL63-S and SARS-S engage hACE2 differen- 
tially. For SARS-CoV, it was shown that the murine ACE2 
homologue (mACE2) cannot be used efficiently as a receptor 
(39); furthermore, amino acid 353 within hACE2 (mutant 
K353H) has been identified as important for the interaction 
with SARS-S (42). In order to more closely analyze the role of 
hACE2 as a receptor for hCoV-NL63, 42 different hACE2 
point mutants including the K353H variant were generated 
and analyzed for their ability to mediate NL63-S and SARS-S 
entry in parallel. No difference in comparison with wild-type 
hACE2 was observed for most of the point mutants in 
pseudotype infection assays using the respective S-proteins 
(data not shown). The only exceptions were the triple mutant 
E145/N147/D157A and the mutants Y510A and K353H, the 
latter being in accordance with published data (42). These 
variants were examined more closely in the following experi- 
ments. Murine ACE2, hACE2 wild type, and the hACE2 mu- 
tants mentioned above were transiently expressed on nonper- 
missive BHK cells. BHK cells were chosen, since we wanted to 
exclude that endogenous hACE2 on, for example, 293T cells 
modulates the results obtained for the ACE2 variants. More- 
over, transiently transfected BHK cells express lower amounts 
of hACE2 compared to the widely used 293T cells (data not 
shown) and might therefore be particularly suitable for uncov- 
ering differences in hACE2 usage, taking into account that 
overexpression of the receptor might mask differences in usage 
of receptor variants (39). First, we investigated if all variants 
were expressed on the cell surface of BHK cells at comparable 
levels (Fig. 2A). While expression of all variants was readily 
detectable, expression of hACE2 variants harboring amino 
acid exchanges was somewhat reduced compared to expression 
of wild-type hACE2. Subsequently, we infected BHK cells ex- 
pressing these ACE2 mutants with pseudotypes bearing either 
VSV-G or the S-proteins of hCoV-NL63 and SARS-CoV (Fig. 
2B). Reporter gene activities in cells infected with VSV-G 
particles were independent of the cotransfected ACE2 vari- 
ants. In agreement with published results (39, 42), mACE2 
allowed for less efficient SARS-S entry than the human homo- 
logue and SARS-S-mediated infection was less robust on cells 
expressing the K353H variant (Fig. 2B). Also, variant E145/ 
N147/D157A could not serve as an efficient receptor for 
SARS-S-bearing particles, while exchange Y510A consistently 
augmented infectious entry at least twofold (Fig. 2B). In stark 
contrast to the results obtained with SARS-S-bearing reporter 
viruses, none of the amino acid exchanges in hACE2 modu- 
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FIG. 1. Expression of hACE2 but not DC-SIGN/DC-SIGNR renders otherwise-nonpermissive cells susceptible to NL63-S-dependent infection. 
(A) Expression of hACE2 renders otherwise-nonpermissive BHK cells susceptible to NL63-S-driven infection. Permissive 293T and nonpermissive 
BHK cells were transfected either with pecDNA3 or hACE2 in parallel and infected with infectivity-normalized pseudotypes bearing SARS-S or 
NL63-S (right panel). Normalization of input virus on 293T cells is shown in the left panel. Luciferase activities were determined 72 h postinfection, 
and fold activation was calculated based on the infectivity of the respective pseudotypes on target cells transfected with pcDNA3, which was set 
as 1. Error bars indicate standard deviations (SD). The results of a representative experiment carried out in quadruplicate is shown, and 
comparable results were obtained in an additional experiment using an independent virus preparation. (B) BHK cells were transfected with 
pcDNAS3, hACE2, or the lectins DC-SIGN and DC-SIGNR or were cotransfected with hACE2 and DC-SIGN or DC-SIGNR. The amount of 
transfected DNA was kept constant by adding pcDNA3 plasmid. The cells were infected with pseudotypes bearing either VSV-G or the S-proteins 
normalized for comparable infectivity on Huh-7 cells in quadruplicate, and luciferase activities were determined 72 h postinfection. Fold activation 
is based on the infectivity on pcDNA3-transfected cells, which was set as 1. A representative experiment is shown and reflects the results of two 
independent experiments. Error bars indicate SD. (C) Soluble IgG protein (filled histograms) or IgG fusions with either NL63-S or SARS-S were 
incubated with B-THP cells stably expressing the lectins DC-SIGN and DC-SIGNR as indicated. Bound proteins were detected by FACS using 
a Cy5-coupled secondary antibody. An independent experiment yielded comparable results. 
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lated infection driven by NL63-S while, similarly as for In order to confirm these results in an independent experi- 
SARS-S, NL63-S-dependent entry into mACE2-expressing mental system, we performed cell-cell fusion assays. For this, 
cells was reduced compared to infection of cells expressing 293T effector cells were cotransfected with the indicated S- 


hACE2 (Fig. 2B). expression vectors and a plasmid encoding the herpes simplex 
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FIG. 2. Analysis of SARS-S and NL63-S engagement of ACE2 variants expressed on nonpermissive BHK cells. (A) BHK cells expressing either 
mACE2, hACE2, or the indicated hACE2 mutants were stained with a goat-anti-ACE2 polyclonal antiserum and a Cy5-coupled secondary 
antibody. Filled histograms indicate staining of cells transfected with a control vector, while black lines indicate staining of ACE2-expressing cells. 
(B) BHK cells were transfected with ACE2 variants as for panel A and overinfected in quadruplicate with pseudotypes bearing VSV-G, SARS-S, 
or NL63-S. The pseudotypes had previously been normalized for comparable infectivity on Huh-7 cells. Luciferase activities were determined 72 h 
postinfection. Fold activation is based on the reporter gene activity in cells expressing pcDNA3. The data were confirmed in three additional 
experiments with independent pseudoparticle preparations. Error bars indicate standard deviations (SD). (C) BHK cells transfected with ACE2 
variants as for panel A in combination with plasmid pGal5-luc were used as target cells for fusion with 293T effector cells carrying the S-proteins 
of SARS-CoV or hCoV-NL63 together with plasmid pGAL4-VP16 as indicated. Cells transfected with peDNA3/pGAL4-VP16 served as a control. 
Fold activation was calculated based on the fusion activity (approximately 100 relative light units) of pecDNA3/pGal5-luc-transfected target with 
pcDNA3/pGAL4-VP16-transfected effector cells, which was set as 1. Each experiment was performed in triplicate. Error bars indicate SD. An 
independent experiment yielded similar results. 


virus transactivator VP16 fused to the DNA binding domain of (Fig. 2C). Therefore, these data confirm the results obtained 
the yeast transcription factor GAL4 (59). BHK cells trans- with S-bearing pseudotypes and indicate that NL63-S and 
fected with the ACE2 variants and a reporter plasmid, in which SARS-S might contact hACE2 differently. 

expression of luciferase is controlled by five GAL4 binding Requirements for hCoV-NL63 S-mediated membrane fu- 
sites (59), served as target cells. Upon fusion of effector and sion. Enveloped viruses can enter cells by fusion with the 
target cells, expression of the reporter gene is activated. As plasma membrane or by receptor-mediated endocytosis into 
demonstrated in Fig. 2C, the mutations K353H and E145/ endosomal vesicles and subsequent fusion with an intracellular 
N147/D157A reduced SARS-S-dependent cell-cell fusion, membrane. In the latter case, acidification of the endosome 
while the mutation Y510A slightly increased SARS-S-depen- triggers the fusion activity of the viral glycoprotein (56). For 
dent fusion. In contrast, none of the mutations affected fusion SARS-CoV, this endosomal route of entry is used (28, 55, 70). 
driven by the NL63-S proteins, whereas both NL63-S- and However, the low pH of the endosome does not directly trigger 
SARS-S-dependent fusion with mACE2-expressing target cells S-driven membrane fusion but is required for the activity of 
was reduced compared to fusion with cells producing hACE2 cellular endoproteases such as cathepsin L, which cleaves 
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FIG. 3. NL63-S exhibits a reduced dependence on low pH and protease cleavage compared to SARS-S. (A) Huh-7 cells were preincubated with 
the indicated concentrations of bafilomycin A1 followed by infection with pseudotypes carrying the envelope proteins of MLV, VSV, hCoV-NL63, 
and SARS-CoV. An experiment performed in quadruplicate is shown, which is representative for a total of three experiments performed with two 
independent pseudotype preparations. Error bars indicate standard deviations (SD). (B) 293T cells were preincubated with E64c followed by 
infection with pseudotypes carrying the glycoproteins of VSV, SARS-CoV, and hCoV-NL63 as indicated. Each experiment was performed in 
quadruplicate; similar results were obtained in an independent experiment. Error bars indicate SD. 


SARS-S and thereby triggers S-driven membrane fusion (54). 
We therefore asked if a low-pH environment is also required 
for NL63-S-mediated membrane fusion. This was analyzed by 
preincubation of Huh-7 target cells with serial dilutions of 
bafilomycin Al (Fig. 3A), a potent inhibitor of lysosomal acid- 
ification. The cells were subsequently pulsed with infectivity- 
normalized pseudotypes carrying the S-proteins of hCoV- 
NL63 and SARS-CoV. Pseudotypes bearing the VSV-G 
protein and the MLV glycoprotein were used as controls, since 
MLV fuses at neutral pH at the cellular membrane and thus is 
not affected by inhibitors of endosomal acidification (45, 46), 
while fusion mediated by VSV-G occurs in intracellular vesi- 
cles and depends on low pH (44). Entry driven by VSV-G, 
hCoV-NL63-S, and SARS-CoV-S was blocked by bafilomycin 
Al (Fig. 3A), albeit with different efficiencies. Thus, while 
bafilomycin Al reduced VSV-G- and SARS-S-driven entry by 
80% and 97%, respectively, NL63-S-dependent infection was 
only diminished about 50%, indicating that NL63-S-dependent 
entry might be less dependent on low pH than SARS-S-driven 
infection. Next, we asked if the differential requirement of 
SARS-S- and NL63-S-driven infection for low pH might be 
due to a differential dependence on cleavage by cellular pro- 
teases, since cathepsin-mediated, pH-dependent cleavage of S 
was shown to be essential for SARS-CoV cellular entry (54). 
To this end, 293T cells were preincubated with the cysteine 
protease inhibitor E64c for 1 h and overinfected with infectiv- 
ity-normalized pseudotypes carrying VSV-G or the S-proteins 
of SARS-CoV and hCoV-NL63 (Fig. 3B). In agreement with 
published data (54), SARS-S- but not VSV-G-mediated entry 
was efficiently blocked by E64c (Fig. 3B). A similar observation 
was made for NL63-S. However, at the highest concentration 
of inhibitor, infection by SARS-S pseudotypes was more than 
50-fold reduced, while NL63-S-dependent entry was only 
about 7-fold reduced (Fig. 3B). A similar observation was 
made by Huang and colleagues, who also found that replica- 
tion-competent hCoV-NL63 was less sensitive to cathepsin 


inhibitors or inhibitors of lysosomal acidification than SARS- 
CoV (32). These data suggest that while hCoV-NL63 and 
SARS-CoV share their receptor and likely the route of entry 
into the target cells, NL63-S-driven entry exhibits a less pro- 
nounced requirement for a low-pH environment and for pro- 
tease-mediated S-protein cleavage compared to SARS-S. 

The unique domain in NL63-S is not required for binding to 
hACE2. We next sought to identify domains in NL63-S that are 
involved in binding to ACE2. While NL63-S shares no appre- 
ciable sequence identity with SARS-S (20.2%), the NL63-S 
sequence is 54.6% identical to that of the S-protein of hCoV- 
229, which engages CD13 for cellular entry (14, 71). Therefore, 
we reasoned that analysis of chimeric S-proteins should allow 
identification of regions in NL63-S and 229E-S involved in the 
engagement of their respective cellular receptors. The fact that 
NL63-S and 229E-S share high sequence homology but differ 
in receptor specificity suggests that regions that are not con- 
served between both proteins might contribute to the interac- 
tion with the cognate receptors. As NL63-S harbors a unique 
domain of 178 amino acids at its N terminus, which is not 
present in 229E-S (62), we first addressed whether this region 
might contribute to the interaction with hACE2. For this, we 
generated soluble fusion proteins consisting of the S1 subunits 
of 229E-S and NL63-S and variants thereof linked to the Fe 
portion of human immunoglobulin and assessed binding of 
these proteins to receptor-expressing cells. Specifically, we 
fused the unique domain of NL63-S to human IgG (mutant 
NL63-S aal6-178), deleted the unique domain in NL63-S (mu- 
tant NL63-SA unique), or fused the unique domain to the S1 
subunit of hCoV-229E-S (mutant unique/229E-S). All mutants 
were concentrated from the supernatants of transiently trans- 
fected 293T cells, normalized for comparable protein content 
by Western blotting, and analyzed for interaction with hACE2 
or CD13 using a FACS-based binding assay (Fig. 4A; see also 
Fig. 5B and 7B for normalization of input proteins). The 
unique domain alone did not show any receptor binding, indi- 
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FIG. 4. The unique domain in NL63-S is dispensable for binding to hACE2. (A) 293T cells transfected with either peDNA3, hACE2, or CD13 
were incubated with comparable amounts (as judged by Western blot analyses) of soluble IgG (filled histograms) or IgG fusions of NL63-S wild 
type (aa 16 to 741; panel 1), 229E-S wild type (aa 15 to 560; panel 2), the NL63-S unique domain (aa 16 to 178; panel 3) alone or fused to 229E-S 
(panel 4) and NL63-S lacking the unique domain (panel 5; black histograms). Bound proteins were detected by a CyS5-coupled anti-human 
secondary antibody, and binding was analyzed by FACS. Similar results were obtained in an independent experiment with a different batch of 
soluble IgG fusion proteins. (B) 293T cells expressing either pcDNA3, SARS-S, NL63-S, or an NL63-S variant lacking the unique domain 
(NL63-SA unique) were fused to cells expressing either pcDNA3 (gray) or hACE2 (black) as described in the legend for Fig. 2C. Fold fusion 
activity was calculated based on the activity of pcDNA3-transfected cells, which was set as 1. A representative experiment performed in triplicate 
is shown, and four independent experiments yielded comparable results. Error bars indicate standard deviations. 
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FIG. 5. Schematic representation of NL63-S deletion variants and their interaction with hACE2. (A) The indicated NL63-S deletion mutants 
(amino acid positions are indicated relative to wild-type NL63-S) were expressed as IgG fusion proteins and analyzed for hACE2 interaction by 
FACS, as described in the legend to Fig. 4. The data are representative for two independent experiments performed with separate preparations 
of soluble S-proteins. +, hACE2 binding observed; —, no hACE2 interaction; n.e., respective mutants were not expressed in sufficient amounts. 
(B) The indicated NL63-S deletion mutants were expressed in 293T cells, concentrated from the supernatant, separated by 6% (left and middle 
panel) or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (right panel), and normalized for comparable protein amounts by 


Western blotting prior to the FACS-binding assays. 


cating that it does not serve as an independent hACE2 inter- 
action domain (panel 3). Furthermore, the unique/229E-S mu- 
tant did not engage hACE2 and bound to CD13 as efficiently 
as the wild-type protein, indicating that the unique domain 
does not mask the CD13 recognition motif in 229E-S (panel 4). 
Also, the deletion of the unique domain from NL63-S did not 
abrogate hACE2 binding (panel 5), indicating that the unique 
domain is unlikely to have an important role in NL63-S binding 
to hACE2. In order to analyze whether the unique domain 
would be required for NL63-S-mediated membrane fusion, we 
deleted the unique domain from the full-length protein and 
performed cell-cell fusion experiments on cells transiently ex- 
pressing either pcDNA3 or hACE2 (Fig. 4B). The removal of 
the unique domain was compatible with robust ACE2-depen- 
dent membrane fusion, which repeatedly was at least 2 logs 
over background, albeit less efficient than fusion driven by the 
wild-type protein. In summary, these data suggest that the 
N-terminal 178 amino acids from NL63-S are dispensable for 


receptor binding and membrane fusion. Thus, amino acids in 
regions highly conserved between NL63-S and 229E-S seem to 
confer specificity for the interaction with hACE2 and CD13, 
respectively. 

Analysis of NL63-S deletion mutants and chimeric NL63- 
229E S variants. In order to map the hACE2 binding domain 
in NL63-S, we first generated a set of N- and C-terminal 
deletion mutants fused to IgG (Fig. 5A), normalized them for 
comparable protein content (Fig. 5B), and analyzed binding to 
293T cells expressing hACE2 or CD13. None of the NL63-S 
mutants tested bound to CD13 (data not shown), indicating 
that no region in NL63-S masks a structure sufficient for in- 
teraction with CD13. S-protein variants with deletions of the 
N-terminal 231 or the C-terminal 57 amino acids bound to 
hACE2 with similar efficiency as wild-type NL63-S (Fig. 5A), 
indicating that amino acids 232 to 684 are involved in ACE2 
binding. Unfortunately, however, we were not able to further 
narrow down N-terminal sequences involved in hACE2 inter- 
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FIG. 6. Binding of S-protein chimeras to hACE2 and CD13. (A) Overview depicting chimeras between NL63-S (dark gray) and 229E-S (light gray) 
and their interaction with hACE2 and CD13. The percent amino acid homology between the respective subdomains in both proteins is shown; the 
underlying amino acid residues are indicated. The data are representative of two independent experiments. +, hACE2 binding observed; —, no hACE2 
interaction. (B) Representative experiment demonstrating binding of a panel of S-protein chimeras (depicted in panel A) to hACE2 and CD13. 293T 
cells were transfected with either pcDNA3, hACE2, or CD13, incubated with comparable amounts of soluble IgG (filled histograms) or the indicated IgG 
fusions (black histograms) (for nomenclature see panel A), and stained with a Cy5-coupled secondary antibody. 
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FIG. 7. Identification of domains involved in the receptor interaction of NL63-S and 229E-S. (A) Schematic representation of NL63-S and 
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with their receptors are shown by boxes. (B) The indicated chimeras fused to IgG were normalized for comparable protein amounts by Western 


blotting prior to the FACS-binding experiments. 


actions, as all mutants lacking more than the 232 N-terminal 
amino acids were not expressed to appreciable amounts and 
could therefore not be analyzed. 

As mentioned above, the NL63-S sequences required for 
hACE2 binding are highly related to those of hCoV-229E-S 
but still allow for recognition of specific receptors. Therefore, 
we asked whether a stepwise replacement of domains between 
both S-proteins would modulate receptor usage. For this, we 
subdivided the homologous regions between NL63-S and 
229E-S into an N-terminal, a central, and a C-terminal domain 
(Fig. 6A) and constructed chimeric S-proteins containing de- 
fined domains of NL63-S fused to the corresponding sequences 
of 229E-S. All chimeras were efficiently expressed (Fig. 7B) 
and were therefore used for determination of CD13 and 
hACE2 binding in parallel. Robust interaction of NL63-S chi- 


mera 2 with CD13 was detected (Fig. 6B, panel 4), indicating 
that the N-terminal domain of NL63-S does not interfere with 
CD13 binding as conferred by the central and C-terminal 
amino acids of 229E-S. The same observation was made for the 
converse chimera: the N-terminal domain of 229E-S did not 
interfere with hACE2 interaction by the central and C-termi- 
nal amino acids of NL63-S (chimera 229E-S-b) (Fig. 6B, panel 
5). However, the hACE2 interaction was lost when the N- 
terminal and central sequences of NL63-S were exchanged for 
those of 229E-S (chimera NL63-S-1) (Fig. 6B, panel 3), this 
chimera did not gain any binding activity towards CD13, and 
the same observation was made for the converse construct 
(chimera 229E-S-a) (Fig. 6B, panel 6). Similarly, when only the 
central domain between both S-proteins was exchanged (chi- 
meras NL63-S-3/229E-S-c), no binding to either CD13 or 
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hACE2 was observed (Fig. 6A). These results suggest that 
amino acids both in the central part and the C-terminal part of 
NL63-S and 229E-S are required for receptor recognition. As 
the C-terminal parts of the S1 domains of NL63- and 229E-S 
have the highest amino acid homology (72%), we speculated 
that receptor binding specificity might be mainly controlled by 
amino acids in the central domains, which exhibit an amino 
acid identity of 46% (Fig. 6A). In order to investigate which 
sequences in the central parts of NL63-S or 229E-S play a role 
in receptor recognition, we subdivided the central domain into 
several regions which were exchanged between NL63-S and 
229E-S, resulting in chimeras 4 to 7 for NL63-S and d to g for 
229E-S (Fig. 7A; normalization for comparable protein con- 
tent is shown in B). Maybe most notably, replacement of 
NL63-S residues 510 to 549 by the corresponding sequences of 
229E-S (chimera NL63-S-5) abolished the interaction with 
hACE2 and did not confer binding to CD13 (Fig. 7A). Simi- 
larly, exchange of residues 330 to 368 in 299E-S (chimera 
229E-S-e) abrogated binding to CD13 and did not allow 
hACE2 engagement (Fig. 7A), suggesting an important role of 
the central domain in 229E- and NL63-S interactions with their 
receptors. In combination with the results obtained with the 
remaining chimeras (Fig. 7A), we conclude the following: for 
hACE2 recognition by NL63-S, amino acids 510 to 549 of the 
central part in combination with the C-terminal domain are 
required. CD13 binding by 229E-S is likewise dependent on 
the C-terminal domain and additionally requires amino acids 
278 to 329 of the central domain. This is in contrast to pub- 
lished data, which identified amino acids 417 to 547 as a min- 
imal CD13 binding domain by stepwise deletion mutagenesis 
(6, 7). In our hands, however, a 229E-S truncation comprising 
these residues did not bind CD13 in the FACS-based binding 
assay (Fig. 7, mutant 229E-S-h), thus further supporting a role 
of central sequences in receptor binding. Concerning the cen- 
tral domain, it is noteworthy that the amino acid alignment of 
both S-proteins contains three small stretches in which one 
S-protein lacks 3 to 5 amino acids present in the other one 
(motifs PQS, aa 310 to 312, and NFNE, aa 331 to 334 in 
229E-S and motif SPGDS, aa 509 to 513, in NL63-S), which 
could alter the three-dimensional structure of the underlying 
protein. We therefore either deleted these motifs or exchanged 
them between NLO63-S and 229E-S, followed by determination 
of receptor binding. However, we found that none of the chi- 
meras was able to interact with either CD13 or hACE2 (data 
not shown), suggesting that insertion or deletion mutagenesis 
of the central region in either S-protein might severely affect 
the overall structure. In summary, the receptor binding do- 
mains of both NL63-S and 229E-S involve distinct parts located 
in their center and the C-terminal domains, but only extensive 
point mutagenesis in these regions might identify residues with 
a critical role in the hACE2 and CD13 interaction. 


DISCUSSION 


We have previously demonstrated that hCoV-NL63 engages 
the SARS-CoV receptor hACE2 for cellular entry (29). Here, 
we show that expression of hACE2 but not the cellular lectins 
DC-SIGN and DC-SIGNR allows for NL63-S-dependent entry 
into otherwise-nonpermissive cells, confirming that hACE2 
fulfills the criteria of a bona fide receptor for hCoV-NL63. 
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However, residues in hACE2 important for the interaction 
with SARS-S did not modulate NL63-S engagement of this 
receptor, and pseudotypes bearing NL63-S or SARS-S exhib- 
ited a differential dependence on low pH and protease cleav- 
age for cellular entry, suggesting differences in SARS-S- and 
NL63-S-driven entry. Finally, mutagenic analyses of the highly 
related NL63-S and 229E-S proteins revealed that an N-ter- 
minal unique domain in NL63-S is dispensable for hACE2 
binding, while sequences in the central and C-terminal regions 
of the S1 subunits of both NL63-S and 229E-S were required 
for binding to the cellular receptors hACE2 and CD13, respec- 
tively. 

Within a previous study, we obtained evidence that the 
NL63-S protein binds to hACE2 and that hACE2 plays a key 
role in hCoV-NL63 entry (29). However, this study did not 
address whether hACE2 expression alone is sufficient to ren- 
der otherwise-nonpermissive cells susceptible to NL63-S-de- 
pendent infection, which would provide formal proof of the 
receptor function of hACE2. We now show that exogenous 
expression of hACE2 on otherwise-nonpermissive BHK and 
HeLa cells (Fig. 1A and data not shown) renders these cell 
lines permissive, underlining that hACE2 is a functional recep- 
tor for NL63-S-mediated infection and that engagement of a 
coreceptor is most likely not required for entry. Nevertheless, 
a role of a ubiquitously expressed entry cofactor, which is 
conserved among species, can formally not be excluded. Ex- 
pression of the cellular lectins DC-SIGN and DC-SIGNR 
slightly augmented NL63-S-dependent entry but was not suf- 
ficient to facilitate infection (Fig. 1B). These results match 
observations we and others had previously made for SARS- 
CoV (43, 70). However, lectin-mediated augmentation of 
NL63-S-driven entry was less efficient than SARS-S-driven 
infection, which might be due to subtle differences in the 
modification of the respective S proteins with high mannose 
carbohydrates, which are recognized by DC-SIGN and DC- 
SIGNR (19). Expression of DC-SIGN by skin dendritic cells 
and of DC-SIGNR by cells in the lung and small bowel (9, 34), 
where at least some cells are double positive for DC-SIGNR 
and hACE2 (9), suggests that these lectins could impact 
SARS-CoV spread. While lectin-mediated enhancement of 
SARS-CoV infection in vitro indicates that DC-SIGN/R might 
augment viral replication and disease development in infected 
patients, a recent study reported a protective role of homozy- 
gous DC-SIGNR in SARS-CoV infection (9). The functional 
consequences of the SARS-CoV interaction with DC-SIGN/R 
therefore require further analysis. 

Mutagenic and structural analyses revealed several amino 
acid substitutions between hACE2 and ACE2 from rodents 
that affect interactions with SARS-S (38, 42). Particularly, a 
K353H exchange present in rat ACE2 relative to hACE2 was 
shown to prevent efficient SARS-S binding to this receptor 
(42). Similarly, mACE2, which also harbors the K353H ex- 
change, interacts with SARS-S less efficiently than hACE2 
(39); however, the responsible amino acid exchanges have not 
been mapped. Generally, the effects of these species-specific 
exchanges in ACE2 on interactions with SARS-S were most 
pronounced when binding of soluble SARS-S was examined, 
while their impact on infection by SARS-S-bearing pseudotypes 
was often relatively modest (42). Thus, introduction of K353H 
into hACE2 diminished pseudotype infection only 30% (42), and 
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a less effective receptor function of mACE2 relative to hACE2 
was only observed when low levels of the receptors were ex- 
pressed (39). We screened more than 40 ACE2 mutants for their 
ability to promote SARS-S- and NL63-S-driven entry. Mutations 
were introduced into hACE2 based on the known crystal struc- 
ture of ACE2 (38). Only three of the variants analyzed exhibited 
alterations in the interaction with SARS-S. Mutation K353H re- 
duced SARS-S-dependent entry as described previously (42). An 
even more pronounced reduction was observed upon introduc- 
tion of the changes E145A, N149A, and D157A in hACE2 (Fig. 
2B and C). These amino acids are not in direct contact with 
SARS-S (38), and it is currently unclear how they affect the 
interaction with SARS-S. Finally, exchange Y510A slightly aug- 
mented receptor function but not surface expression (Fig. 2), and 
it again needs to be clarified how this mutation modulates 
SARS-S entry. Notably, however, none of the above-discussed 
mutations altered interactions with NL63-S in a pseudotype in- 
fection system (Fig. 2B) or a cell-cell fusion assay (Fig. 2C), 
indicating that the three-dimensional structures of these hACE2 
variants were not severely affected. The observation that these 
variants were used efficiently only by NL63-S but not by SARS-S 
suggests that both S-proteins might contact hACE2 differentially. 

Cellular entry of SARS-CoV depends on the activity of 
cathepsin L, an endosomal cysteine protease that requires a 
low-pH environment for optimal activity (32, 54). This protein 
cleaves SARS-S at so-far-unknown sites and thereby triggers 
SARS-S-dependent membrane fusion. Hence, the observa- 
tions that SARS-CoV entry can be blocked by agents that 
neutralize intracellular pH (28, 55, 70), like bafilomycin A1, 
reflect inhibition of protease activity and not abrogation of a 
pH stimulus required for triggering the membrane fusion ac- 
tivity of SARS-S (55), as initially suggested. Analysis of pH and 
cathepsin dependence of NL63-S-driven infection revealed 
that bafilomycin Al (Fig. 3A) or the cysteine protease inhibitor 
E64c (Fig. 3B) reduce NL63-S-driven infection only moder- 
ately (53% and 83%, respectively), while both compounds ef- 
ficiently diminish infection by SARS-S-bearing pseudotypes 
(97% and 99%, respectively). Our results obtained upon 
bafilomycin Al treatment of target cells are in agreement with 
a recent report (32), while the effect observed upon protease 
inhibition differed to some extent from that previously docu- 
mented (32). Thus, Huang and colleagues did not detect inhi- 
bition of NL63-S-dependent infection by the protease inhibitor 
E64d or by cathepsin L-specific inhibitors when pseudotypes 
were used (32). Nevertheless, they observed cell type-depen- 
dent inhibition of hCoV-NL63 replication by high doses of 
a cathepsin L inhibitor (32). The differences obtained with 
pseudotypes might be due to differences in the expression 
levels of ACE2 on target cells; Huang et al. used 293T cells 
overexpressing exogenous hACE2 (32), while we employed 
untransfected 293T cells that express low levels of endogenous 
hACE2. In any case, both studies hint at a reduced dependency 
of hCoV-NL63 entry on low pH and cathepsins compared to 
cellular entry of SARS-CoV, suggesting that both viruses 
evolved different strategies to exploit hACE2 for entry into 
target cells. 

The S proteins of hCoV-NL63 and hCoV-229E share 56% 
sequence identity, yet both bind to different cellular receptors, 
CD13 and ACE2 (6, 7, 29). A potential explanation for this 
unexpected differential receptor usage is the presence of a 


J. VIROL. 


unique 178-amino-acid domain at the N terminus of NL63-S. 
This domain is absent in 229E-S or in any other protein de- 
posited in the database and might constitute an ACE2 binding 
domain (62). However, deletion of the unique domain in 
NL63-S did not abrogate the interaction with hACE2 and did 
not allow binding to CD13. Likewise, fusing this domain to the 
N terminus of 229E-S neither conferred binding to ACE2 nor 
abrogated interactions with CD13 (Fig. 4A), indicating that the 
unique domain does not constitute an ACE2 binding domain 
and does not mask a cryptic CD13 binding domain in NL63-S. 
This conclusion is further substantiated by the observation that 
a 229E-S chimera comprising the C-terminal sequences of 
NL63-S efficiently interacted with hACE2 but not CD13 
(229E-S-b) (Fig. 6). Importantly, the unique domain was dis- 
pensable not only for binding of soluble NL63-S—IgG chimeras 
to hACE2 but also for NL6S-S-driven membrane fusion, sug- 
gesting that this portion of NL63-S is not essential for the 
function of fusion-competent NL63-S trimers (Fig. 4B). One 
has to take into account, however, that receptor binding and 
membrane fusion of NL63-S lacking the unique domain were 
moderately diminished compared to the wild-type protein. Re- 
duced expression of NL63-SA unique constructs might account 
for these defects and would hint towards a contribution of the 
unique domain to proper folding of NL63-S. In fact, since a 
number of patient sera with neutralizing abilities bind to this 
region (L. van der Hoek and B. Berkhout, personal commu- 
nication), further investigation is required to clarify the con- 
tribution of the unique domain to NL63-S structure and anti- 
genicity. 

Further deletions of N- and C-terminal portions of NL63-S 
revealed that the residues 232 to 684 are required for recog- 
nition of hACE2 (Fig. 5), and characterization of a variety of 
chimeras between NL63-S and 229E-S suggests that residues in 
both the central and the C-terminal part of the S1 subunits of 
the respective S proteins are required for specific recognition 
of their cellular receptors or for conservation of structures 
required for receptor binding (Fig. 6 and 7). These findings 
contrast with previous reports suggesting that residues 417 to 
547 of 229E-S constitute a minimal receptor binding domain 
(6, 7). The reasons for this discrepancy are at present unclear; 
however, it should be noted that different experimental systems 
were employed to assess 229E-S interactions with CD13 (re- 
ceptor binding of bacterially purified S-protein fragments [6, 7] 
versus S-Fc fusion proteins [present study]). In summary, our 
data suggest that neither 229E-S nor NL63-S harbors a linear 
high-affinity receptor binding site, as has been defined in 
SARS-S (65). In light of the complex interactions of 229E-S 
and NL63-S with their cognate cellular receptors and the ob- 
servation that receptor binding by these S-proteins is easily 
perturbed, extensive point mutagenesis will be required to 
define key residues mediating these interactions. Ultimately, 
however, structural analyses will be necessary to elucidate the 
receptor interactions of 229E-S and NL63-S. 
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